The Late Miocene (11.6-9.5 Ma) granitoid intrusion on the island of Serifos (Western Cyclades, Aegean Sea) is composed of syn-to post-tectonic granodiorite with quartz monzodiorite enclaves, cut by dacitic and aplitic dikes. The granitoid, a typical I-type metaluminous calcic amphibole-bearing calc-alkaline pluton, intruded the Cycladic Blueschists during thinning of the Aegean plate. Combining field, textural, geochemical and new Sr-Nd-O isotope data presented in this paper, we postulate that the Serifos intrusion is a single-zoned pluton. The central facies has initial 87 Sr/ 86 Sr = 0.70906 to 0.7106, ε Nd (t) = − 5.9 to − 7.5 and δ 18 Ο qtz = + 10 to + 10.6‰, whereas the marginal zone (or border facies) has higher initial 87 Sr/ 86 Sr = 0.711 to 0.7112, lower ε Nd (t) = − 7.3 to − 8.3, and higher δ 18 Ο qtz = + 10.6 to + 11.9‰. The small range in initial Sr and Nd isotopic values throughout the pluton is paired with a remarkable uniformity in trace element patterns, despite a large range in silica contents (58.8 to 72 wt% SiO 2 ). Assimilation of a crustally derived partial melt into the mafic parental magma would progressively add incompatible trace elements and SiO 2 to the evolving mafic starting liquid, but the opposite trend, of trace element depletion during magma evolution, is observed in the Serifos granodiorites. Thermodynamic modeling of wholerock compositions during simple fractional crystallization (FC) or assimilation-fractional crystallization (AFC) processes of major rock-forming minerals-at a variety of pressure, oxidation state, and water activity conditions-fails to reproduce simultaneously the major element and trace element variations among the Serifos granitoids, implying a critical role for minor phases in controlling trace element fractionation. Both saturation of accessory phases such as allanite and titanite (at SiO 2 ≥ 71 wt%)(to satisfy trace element constraints) and assimilation of partial melts from a metasedimentary component (to match isotopic data) must have accompanied fractional crystallization of the major phases.
Introduction
The relative importance of igneous differentiation of juvenile, mantle-derived magmas and of re-melting of older crust is a persistent question in studies of the evolution of Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00531-017-1565-7) contains supplementary material, which is available to authorized users.
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continental crust (e.g., Jagoutz et al. 2009; Laumonier et al. 2017) . The significance of crustal sediments as source contributions to volumetrically minor S-type granitoids is evident, whereas the much more abundant metaluminous felsic magmas generally record both continental and mantle inputs (Scaillet et al. 2016 and references therein). The origin of intermediate and silicic igneous rocks in subduction settings has generally been attributed to one of two distinct classes of models: (1) fractional crystallization of a low-K, mantlederived, basaltic parent in the lower crust, leading to Η 2 Ο-rich residual melts (Arth et al. 1978; Singer et al. 1992) or (2) partial melting of a sub-alkaline metabasaltic source or pre-existing crust (Arth et al. 1978; Drummond and Defant 1990; Beard and Lofgren 1991; Rapp et al. 1991; Wolf and Wyllie 1994; Annen et al. 2006; Baziotis et al. 2008) .
Dehydration melting experiments on amphibolites or eclogites produce compositions similar to upper crustal granitoids (e.g., Beard and Lofgren 1991; Rushmer 1991; Rapp et al. 1991; Wolf and Wyllie 1994) , supporting partial melting models. Another approach uses stable and radiogenic isotopes combined with trace elements, which have proven valuable in defining the main source materials contributing to granitic magmas. In particular, the oxygen isotopic record on single minerals such as zircons reveals significant contributions to granitoids from both mantle and crust (e.g., Kemp et al. 2007; Lackey et al. 2008; Bolhar et al. 2008 Bolhar et al. , 2012 . A third approach examines the coupled evolution of major and trace elements through related suites of rocks, using either theoretical mass balance relations (e.g., DePaolo 1981) or thermodynamic free energy minimization methods (e.g., Ghiorso and Sack 1995) . A comprehensive approach to elucidating the nature and relative abundance of end-member components of igneous rocks would combine all these approaches, comparing multiple data types (major and trace element concentrations and stable and radiogenic isotope ratios) with constraints from both experimental petrology and numerical modeling.
The Cycladic granitoids have been studied for the last few decades with the twin goals of deciphering the petrogenesis of single plutons and of unraveling the overall evolution of the Aegean arc crust that contributed to their formation (e.g., Mezger et al. 1985; Juteau et al. 1986; Altherr et al. 1988; Altherr and Siebel 2002; Pe-Piper 2000 Bolhar et al. 2010 Bolhar et al. , 2012 Stouraiti et al. 2010) . During the middle Miocene (17 − 10 Ma), widespread I-and S-type granitoids intruded the Cycladic metamorphic core complexes, above the southward-retreating Hellenic subduction zone Bolhar et al. 2010; Ring et al. 2010) (Fig. 1a) .
Although mafic intrusions are volumetrically minor in the Miocene Aegean granitoid province, intimate associations of felsic and mafic magmatic rocks in composite dikes, sheets or networks of veins are exposed in a few complexes, for example on Delos in the central Cyclades and on Samos in the eastern Aegean (Fig. 1a) . These mafic intrusions outcrop on both sides of the Mid-Cycladic Lineament (Walcott and White 1998) , a NE-SW trending tectonic zone dividing the Western Aegean crustal block (including Serifos and Delos Islands) from the Eastern Aegean-Anatolian block (Fig. 1a) . The spatial association of syn-extensional intrusions in the Cyclades with the Mid-Cycladic Lineament and their temporal association with the opening of the Aegean back-arc region were emphasized by Walcott and White (1998) and in their studies of the Delos gabbrodiorite-tonalite dike complex and by Malandri et al. (2017) in the case of the NW Paros granitoids.
In the eastern Aegean region, magmatic rocks from Samos (high-K microdiorites, Kallithea intrusive complex, Mezger et al. 1985) , Kos (lamprophyres, Altherr et al. 1988; Altherr and Siebel 2002) and Bodrum, Turkey (Robert et al. 1992 ) define a separate group with distinct alkaline magmatic affinities. In the Serifos granitoids, mafic dikes and swarms of mafic enclaves are abundant at the southern margin of the intrusion (Fig. 1b) . Altherr and Siebel (2002) speculated that high-K mantlederived lamprophyric magmas, which occur along the eastern flank of the Aegean (Bodrum-Samos), are involved in the generation of monzonitic magmas in the eastern part of Cyclades (Samos, Kos), probably by hybridization of a juvenile enriched mantle component by a minor contribution of melts derived from the continental crust. In the present study, this hypothesis is further tested as a possible model for the generation of the quartz-monzodioritic magma that forms Serifos enclaves and thus as a component of the overall Serifos pluton.
A primary objective of this study is to compare samples of mafic enclaves with host granitoids in order to determine the extent to which they differ chemically and to identify the hybridization and fractionation processes experienced by the enclaves. Despite the common evidence for hybridization between mantle-derived lamprophyric and felsic magmas documented in eastern Cycladic I-type granitoids (e.g., Samos by Altherr and Siebel 2002) , some enclave mineral phases may preserve their primary chemistry (Dorais et al. 1990; Allen 1991) . The minerals most likely to preserve information about the original composition of an enclave magma are those that formed early and have slow intracrystalline diffusion rates for the elements of interest (Tepper and Kuehner 2004) , specifically in this case early-formed apatite and the calcic cores of plagioclase phenocrysts.
In this work, we present (a) new whole-rock chemical analyses (30 representative samples) from all the lithologic varieties of the Serifos igneous complex (granodiorites, dikes and mafic enclaves) as well as common basement rock samples, (b) Sr and Nd whole-rock isotopic data and stable O isotopes on quartz separates, and (c) electron probe Fig. 1 a Simplified geologic map of the Cycladic zone showing the main metamorphic core complexes and the Miocene plutons. After Jolivet et al. 2010 Jolivet et al. , 2015 . NCDS North Cycladic Detachment System, WCDS West Cycladic Detachment System. Insert: map showing Miocene to Recent thrust fronts in Mediterranean region and location of main map. b Simplified geologic map of Serifos island and sample locations are overlain (modified after Petrakakis et al. 2013; Rabillard et al. 2015) . The green coloured area represents the central granodiorite (G2), but the boundary (dashed line) between the outer (G1) and central (G2) granodiorite is diffuse and poorly constrained by the two perpendicular sampling traverses 1 3 analyses of minerals in host rocks and enclaves. Together with full petrographic description and field relations, all these data are used to explore within-pluton variations and develop a model of the assembly of the intrusion. Finally, we examine the practicality of detailed quantitative inversion of the data and include a discussion of the difficulty of defining a unique thermodynamic model for the petrogenesis of Serifos and similar granitoid rocks.
Geologic setting

Regional context
The Cyclades constitute one of the most deeply exhumed parts of the Hellenides and lie inboard from the present Hellenic subduction zone (Fig. 1a) . The retreating Hellenic subduction system underwent a significant phase of extension in the Miocene (Lister et al. 1984; Buick 1991) , overprinting a synorogenic exhumed Eocene subduction channel (e.g., Philippon et al. 2012) , across the present Aegean Sea region , accompanied by abundant magmatism Siebel 2002, Pe-Piper and . Magmatic activity shifted southward with time towards the present Aegean Volcanic Arc (Matsuda et al. 1999, Pe-Piper and Piper 2006) (Fig. 1a) .
The Attic-Cyclades crystalline complex is divided into three main tectonic units, presented in order from base to top.
1. The Cycladic Basement unit is composed of granites, paragneisses and orthogneisses with Hercynian and preHercynian ages as well as relict amphibolites (Andriessen et al. 1987; Henjes-Kunst and Kreuzer 1982) . It forms a Paleozoic basement intruded by Triassic granitoids (Keay et al. 2001; Schneider et al. 2011 ). 2. The Cycladic Blueschist Unit (CBU; please note, we use CBU only for Cycladic Blueschist Unit and not for Cycladic Basement Unit!) consists of a basement/ cover sequence and a possibly post-Carboniferous shelf sequence of marbles, metapelites and metabasic rocks (Keay and Lister 2002; Keay et al. 2001) . These units are considered to be equivalent to the Pelagonian basement (c.f., Jolivet and Brun 2010, and references therein) . Above the shelf sequence lies a mélange-like nappe of ophiolitic rocks within a serpentinite and metapelite matrix (Bulle et al. 2010 ). This nappe is thought to correlate with the Pindos ophiolite. It experienced high-pressure metamorphism and exhumation during Paleocene-Eocene time (Fig. 1a) . The CBU unit experienced blueschist-to eclogite-facies metamorphism at 370-550 °C and 8-20 kbar (Wijbrans et al. 1990; Tomaschek et al. 2003; Baziotis et al. 2009; Ring et al. 2010; Bolhar et al. 2016) , which was later overprinted by a regional greenschist facies metamorphic event. 3. The Upper Cycladic Unit is composed of unmetamorphosed Permian to Mesozoic sedimentary rocks, Mesozoic ophiolites, greenschist-to amphibolite-facies metamorphic rocks and Late Cretaceous granitoids (e.g., Dürr et al. 1978) . This unit was juxtaposed over structurally lower units by motion on low-angle detachment faults (e.g., Jolivet and Brun 2010).
Miocene back-arc extension in the Aegean region was accompanied by intrusion of I-and S-type granitoids (17-10 Ma) that pierce extensional detachments or are syntectonic to them (Brichau et al. 2007; Iglseder et al. 2009; Bolhar et al. 2010) . The S-type granites in the Cyclades are systematically older than the I-type granites (Keay et al. 2001; Bolhar et al. 2010 ). S-type intrusions suggest an episode of partial melting and migmatite formation in the lower crust that started earlier in the Miocene (~ 23 Ma), followed by intrusion of I-type granitoids starting at ~ 15 Ma (Bolhar et al. 2010 ).
Local context
Serifos island lies in the western Cyclades (Fig. 1a) . The structure of Serifos island is described as a metamorphic core complex (MCC) intruded by an I-type granodiorite (11.6-9.5 Ma) that was emplaced above the brittle-ductile transition zone (Grasemann and Petrakakis 2007; Tschegg and Grasemann 2009; Iglseder et al. 2009; Grasemann et al. 2012; Rabillard et al. 2015) (Fig. 1b) . The country rock of the intrusion consists of three main units (bottom to top) (Grasemann and Petrakakis 2007) : (1) gneisses and massive mylonitic schists covered by mylonitic marbles, assigned to the continental Cycladic Basement Unit; (2) amphibolites intercalated with gneisses and greenschists intercalated with marbles, assigned to the CBU (Dürr et al. 1978) , (3) marbles, metabasites and serpentinites representing the Upper Cycladic Unit. Two branches of low-angle detachment faults separate these three units Rabillard et al. 2015; Ducoux et al. 2017) .
The Serifos intrusion is synkinematic with respect to the regional crustal thinning of the Aegean domain along a system of low-angle normal faults belonging to the southdipping West Cycladic Detachment System (WCDS) Rabillard et al. 2015) (Fig. 1a) . The main body of the intrusion was emplaced at a pressure of 3.1 ± 0.6 kbar and crystallized at a temperature of 700 to 750 °C (Seymour et al. 2009 ). On the other hand, emplacement conditions for granodioritic apophyses and dacitic dykes intruding the CBU along NW-SE trending faults, based on electron microprobe analysis of hornblende rims, are 0.3-1.7 kbar and ≤ 650 °C (Stouraiti and Mitropoulos 1999; Seymour et al. 2009 ). Taken together, these studies imply distributed emplacement depths from 3 to 12 km for various parts of the pluton. Cooling rates inferred from the offset between Rb-Sr closure in biotite at 8.5-8 Ma and apatite and zircon fission track ages of 6 Ma are fairly but not extremely rapid (Altherr et al. 1982; Brichau et al. 2008; Iglseder et al. 2009 ).
Based on field structures, microtextural analysis and magnetic anisotropy studies, a continuum of deformation styles has been documented within the intrusion, from magmatic to brittle conditions Gaudreau et al. 2017) . The major structural features can be summarized as follows. A weak foliation that transforms to a more penetrative L-S fabric occurs in certain zones parallel to the southern contact (Livadakhia Bay, hillside of Hora and Koutalas Bay). The central and northern parts of the intrusion show a more brittle type of deformation, typically linked with normal-slip faults and fractures on all scales.
Skarn formation on Serifos is associated with the activity of two branches of the WCDS in the southwestern part of the island, the Megalo Livadhi and Kavos Kyklopas detachments (Ducoux et al. 2017) . Mineralization around the Serifos pluton consists of high-temperature skarns containing magnetite ore deposits, retrograde skarns with sulfide mineralization, and supergene mineralization of the former deposits that formed the economic-grade Fe-Ba deposits (Salemink 1985; Ducoux et al. 2017; Fitros et al. 2017) . New U-Pb andradite data from the skarn system reported by Seman et al. (2017a, b) yields a lower-intercept (crystallization) age of 9.15 ± 0.36 Ma, in agreement with biotite Rb-Sr and zircon U-Pb dates from the intrusion.
The country rocks in the southern and south-southwestern part of the pluton are mainly mylonitised quartzo-feldpathic orthogneisses (Iglseder et al. 2009; Fig. 1b) . Field relations show that the basement gneissic rocks are a composite unit consisting of alternating light and dark bands of mainly biotite quartzo-feldspathic schists intercalated with leucogranitic lenses and strongly silicified zones (McGrath et al. 2017) . U-Pb ages on inherited xenocrystic zircons from two mylonitic orthogneiss samples from south Serifos display a mixture of Carboniferous and Triassic ages (Schneider et al. 2011) . At a different site (Koutalas Bay), a late Triassic age was recently reported by Seman et al. (2017a, b) for two mylonitic orthogneiss samples interpreted to represent felsic metavolcanics at the base of the CBU.
Field relationships and petrography
Serifos granitoids consists of four facies of intrusive rocks recognized in the field: (a) medium-grained equigranular, variably foliated, biotite-rich granodiorite (G1) occupying the outer zone (Figs. 2, 3a , b) fine-grained, locally porphyritic, biotite-hornblende granodiorite occupying the central-northern part of the pluton (G2) (Fig. 3b, c ) mafic and intermediate microgranular enclaves (Figs. 2b, c, 3a) ; and (d) aplite and pegmatite veins (Fig. 2a) . The G1 granodiorite constitutes the major portion of the intrusion Fig. 2 Textural aspects of the Serifos granodiorite and contact rocks. a Marginal granodiorite horizontally intrudes the grey mylonitic gneiss of the Cycladic Basement Unit. A set of thin aplite veins cut through the contact (Troulloi, S. Serifos). b Mafic enclaves within the coarse-grained outer (G1) granodiorite; the enclaves are stretched towards the SSW direction (Karavi, S. Serifos). c Granodiorite sill intruding the marble, includes polygene swarm of mafic enclaves and angular amphibolite xenoliths (bottom right). The enclaves are typically rounded, other have crenulated margins; some enclaves are partially disaggregated 1 3 whereas the G2 facies makes up less than one-third of surface outcrop (Fig. 3b) . Contacts between the outer G1 and the inner G2 granodiorite are generally indistinct. Synplutonic dikes are common at the margins of the intrusion (Fig. 3c) . Pairs of mafic/felsic dikes have been observed in the southernmost part of the pluton, close to Ramos village Stouraiti 1995) .
The pluton
Petrographically, the predominant rock type is granodiorite and the more mafic rocks are quartz monzodiorite (Fig. 4a,b) . Dacitic dikes are common and quartz-dioritic dikes are scarce (Fig. 3c) . Minor pegmatite lenses occur locally at the southernmost margin of the intrusion (Table 1) .
Most of the Serifos intrusion shows a hypidiomorphic granular texture with euhedral to subhedral hornblende and euhedral plagioclase (G1, Fig. 4a, b, c) . The central granodiorite (G2) is often porphyritic, with biotite and zoned plagioclase phenocrysts (Fig. 3b) . Miarolitic cavities are common along the southwestern contact zone, where the majority of the hydrothermal deposits are developed (northwest of Koutalas Bay, Fig. 1b) . Dacitic dikes display typical porphyritic texture (Figs. 3c, 4f) . Classification of the different petrological facies is based on the modal abundance of minerals presented in Table 1 and in Fig. 5 .
Plagioclase occurs as elongate tabular crystals (up to 2.5 mm in size) with well-developed polysynthetic and Carlsbad twinning. Many plagioclase crystals exhibit complex continuous or discontinuous zoning with embayed and patchy cores (Fig. 4d, f, h ). Inclusions of biotite, hornblende and apatite are also present. Plagioclase has variable composition: plagioclase in the outer G1 facies is zoned from andesine (An 40 − 45 ) core to oligoclase rim, whereas the central G2 facies features labradorite (An 60 − 70 ) cores and andesine to oligoclase rims.
Quartz and alkali feldspar are both interstitial phases. Quartz is anhedral to subhedral. Alkali feldspar (up to 2.5 mm) is mainly orthoclase with micro-perthitic exsolution lamellae and, often, inclusions of quartz, plagioclase, biotite and apatite.
Biotite is the dominant mafic mineral phase in the Serifos intrusion (Fig. 3a, b ). There are two distinct generations of biotite. (1) Primary biotite with yellow-brown to red-brown pleochroism occurs as subhedral to euhedral platy crystals or as ragged flakes with dimensions up to 3 mm (Biotite porphyry is found in G2 facies at Petrias; Fig. 3b ). (2) Secondary recrystallized biotite in finegrained aggregates forms the foliation fabric along with deformed quartz (Fig. 4a) . The primary biotite commonly contains inclusions of Fe-Ti oxides, apatite and zircon, while secondary biotite is usually free of inclusions.
Hornblende is present as subhedral to euhedral green, pleochroic crystals up to 2 mm in size. The proportion of hornblende generally decreases towards the outer part of the intrusion and vanishes in the most evolved granitic part of the outer G1 facies (Table 1) .
Apatite occurs as fine-grained (up to 0.15 mm) euhedral crystals, with a prismatic or equidimensional shape. Apatite is usually colourless, but may have a grey hue. It occurs mainly as inclusions in primary biotite, hornblende and magnetite or as an associated phase between these minerals.
Titanite is a common accessory phase, especially in the outer G1 granodiorite. It forms euhedral to subhedral rhombs (0.2-0.8 mm) of brown color. It occurs either together with Fig. 4 Photomicrographs of granitoid facies and textures in crossedpolars. a Outer granodiorite (G1) with plagioclase, K-feldspar and biotite phenocrysts (SER-1). Mylonitic foliation is defined by recrystallized quartz (around the plagioclase phenocryst) and biotite mica fish edges (bottom left). b Central porphyritic granodiorite (G2) with plagioclase phenocrysts and a fine-grained groundmass of plagioclase, hornblende and biotite (SER-55). The plagioclase phenocrysts are kinked and fractured. Groundmass plagioclase has labradorite cores (An 60 − 56 ) and andesine rims ). c Hornblende-rich polycrystalline aggregate of millimetric size (noted as clot) showing a granoblastic texture in a quartz monzodiorite enclave (#SER-30). d Oscillatory zoning in plagioclase phenocryst from enclave sample (#SER-28). e Poikilitic orthoclase enclosing plagioclase and hornblende in enclave sample (#SER-28); the orthoclase shows perthitic texture. f Porphyritic texture with plagioclase phenocrysts and hornblende microphenocryst in a dacite dike (#SER-92). The core of the central phenocryst shows a resorption rim. g Hypidiomorphic granular quartz diorite dike (#SER-16). h Plagioclase phenocrysts showing disrupted oscillatory zoning and wavy mantle edges, the rim of the phenocryst is also embayed. The matrix consists of very fine-grained quartz and plagioclase. The sample is taken from a chilled margin of a dacitic dike (Petrias, #SER93-2). Mineral abbreviations: Pl plagioclase, Hbl hornblende, Qtz quartz, Bt biotite, Kfs K-feldspar, Mag Magnetite magnetite and biotite or as isolated crystals (Fig. S1c, d in Supplementary Material).
Zircon is usually euhedral and fine grained (from 10 to 150 μm).
Allanite occurs in trace quantities and forms relatively coarse (up to 1 mm) euhedral, isotropic reddish-brown crystals, typically metamict with anastomosing cracks. Allanite is most easily observed in altered samples or close to fractures leached by hydrothermal fluids (Fig. S1a, b) .
Magnetite is the dominant opaque mineral, occurring as subhedral to anhedral isolated grains or aggregates (Fig.  S1c, d) .
Rutile occurs as a secondary phase after hydrothermal alteration of Ti-biotite.
Enclaves
Intermediate to mafic microgranular enclaves are a common feature of the pluton, with increasing concentration close to the southern margin (G1 facies, Fig. 2c ). In general, the enclaves are fine-grained and consist of the same minerals as the host granodiorite (hornblende, plagioclase, biotite, interstitial K-feldspar and quartz, minor magnetite, titanite, apatite and zircon) but in different proportions (Table 1) . Poikilitic orthoclase with hornblende and plagioclase inclusions is found in the quartz monzodiorite enclaves (Fig. 4e) . Some enclaves show evidence of monomineralic accumulation of hornblende in clots (Fig. 3e ).
Based on their distribution in the field, the enclaves can be distinguished into as either isolated bodies or as swarms. They vary in size from a few cm to 0.5 m. Field and microscopic observations show that enclaves have diffuse contacts with host granodiorite (Fig. 3a) . In some localities (e.g., Petrias, central granodiorite G2), enclaves are stretched into schlieren, indicating shearing of mafic melt by flow of the host granodiorite magma. Others have crenulated (cuspate) margins and some are disaggregated (Fig. 2c) . The diffuse margins of the mafic enclaves suggest significant interaction between host and enclave magmas. Dike-like monogenic swarms of enclaves cropping out near Vaghia Bay have been described by Rabillard et al. (2015) . Such swarms of enclaves resemble disaggregated mafic dikes within the partially crystallized host magma.
In the outer facies (G1) of the intrusion, where the host granodiorite is foliated, the enclaves develop ovoid shapes and are rarely angular (Fig. 2b, c) . They are foliated subparallel to the principal fabric in the granodiorite, indicating no significant difference in ductility during deformation.
Materials and methods
Mineral analysis
Major element compositions of the main rock-forming minerals were determined in polished thin sections using a JEOL JXA-8600S Superprobe with 5 wavelength-dispersive spectrometers (WDS) at the Geology Department at Leicester University. Analytical conditions were 15 kV accelerating voltage, 30 nA probe current, and 2-5 μm beam diameter on most phases. To minimize alkali loss, sensitive minerals like feldspars were analysed using a defocused 10 μm diameter beam. Estimated precision for the main rock-forming minerals is ± 0.1% at 50 wt% oxide. Additional analyses of accessory minerals were obtained using a JEOL JXA8100 Superprobe with coupled WDS and Oxford Instruments INCA Energy Dispersive system (EDS) at Birkbeck, University of London (UK). This analysis was carried out using 15 kV accelerating voltage, 1 μA beam current, and a ~ 1 μm beam diameter. The counting times for all elements were 40 s. Analyses were calibrated against certified materials of natural silicates, oxides and pure metals with ZAF matrix correction. Total Fe is reported as FeO. EDS has a detection limit of 0.1 wt% for the majority of elements, with standard deviation (SD) in the range 0.04-0.25 wt%. Representative mineral compositions are given in Tables 2, 3 and 4 and full dataset of analysis of the main minerals in Table S1 -S3 in the Supplementary Material. The structural formulas of the analyzed amphibole, plagioclase and biotite were determined using MINFILE program (Afifi and Essene 1988) . Table 2 Major element (in wt%) compositions of allanite from the Serifos pluton, Cyclades
Analyses of different spots in the same grain of allanite are distinguished with − 1. −2. etc. 
Bulk rock analysis
The various rock types of the pluton were sampled for bulk rock analyses. Rock samples were selected along two traverses, across and parallel to the elongation of the intrusion (Fig. 1b) . Mineralogical and textural analysis of the samples was performed in polished thin sections, using an optical microscope. Samples were analysed for major elements and selected trace elements at the University of Leicester using wavelength-dispersive X-ray fluorescence (XRF) on a Philips PW 1400 (3 kW, 100 kV) single-goniometer X-ray spectrometer. Supplementary Document S1 gives a full description of the sample preparation, standardization, mass absorption correction, quality control filter, and analytical precision. Nd CHUR = 0.1967 (Jacobsen and Wasserburg 1980) . Oxygen isotope ratios in quartz separates were determined at NERC Isotope Geoscience Laboratory on ~ 5 mg sample aliquots using the oxygen liberation technique of Clayton and Mayeda (1963) . However, the reagent was ClF 3 rather than BrF 5 , as described by Borthwick and Harmon (1982) . The oxygen yields were converted to CO 2 by reaction with platinised graphite rod heated to 675 °C by an induction furnace. CO 2 isotope ratios were measured on a CJS Science, Ltd. Phoenix 390 mass spectrometer. The measurements are reported in the form of δ notation representing per mil (‰) deviations relative to the V-SMOW (Vienna Standard Mean Ocean Water) standard for 18 O/ 16 O. The δ 18 O SMOW results are normalized to a laboratory inhouse quartz standard and quoted relative to 9.63‰ for the international standard quartz NBS 28 (African sand). The reproducibility of the standard within runs, between runs, and between the batches of unknowns is estimated at just over ± 0.2‰. The average error on the unknowns is ± 0.2‰ and for the standard ± 0.17‰.
Mineral chemistry
Plagioclase
The compositional ranges of plagioclase from host granodiorite and microgranular enclaves overlap (Table S1 ). The full compositional range is An 80 to An 22 , with a bimodal distribution. Most crystals are in the range An 28 − 56 in the outer G1 granodiorite, whereas the central G2 facies displays a wider range ). The compositional range is further extended in G2 and enclave plagioclases to encompass highly calcic cores (up to An 82 ).
Plagioclase phenocrysts from both petrological facies (G1, G2) show both normal and reverse zoning (e.g., SER-72, SER-61, see Supplementary Document 1). Phenocrysts of the outer G1 granodiorite show complex reverse zoning with albite-rich cores (An 37 ) mantled by more calcic plagioclase (An 54 − 56 ) and then by rims that become albite-rich again (An 30 ) (SER-72). Commonly plagioclase phenocrysts from dacitic dikes contain zones alternating between oscillatory, patchy and wavy edges and the cores of these phenocrysts showing resorption features (Fig. 4f, h ). Plagioclase phenocrysts from the mafic enclaves have labradorite cores and corroded, rounded rims of andesine. In enclaves, plagioclase is often enclosed in large pools of K-feldspar and quartz (#SER-28, see Fig. 4d , e).
Amphibole
Microprobe analyses of hornblendes are presented in Table S2 . The basic structural formula used for the recalculation of oxides to cations allows for 23 non-hydroxyl oxygens and excludes Ca, Na, K from the sum of cations (13 cations overall). This procedure maximizes Fe +3 in the C sites. According to Leake's (1978) classification, the amphibole is calcic, with (Ca + Na) B > 1.5. (Na + K) A is always lower than 0.5, except from one sample (#SER92-11, Hora locality). The amphibole ranges in composition from tschermakitic hornblende to actinolitic hornblende, but magnesio-homblende is the most common type. In the hornblendes, variation from core to rim is characterized by increasing Si and Mg with decreasing Al, Ti, Fe and alkalies (Table S2) . Such variations can be attributed to a combination of edenitic and tschermakitic substitutions. Magnesio-homblende is usually green to brownish green in colour; the more iron-rich variety (i.e., actinolite-rich hornblende) is bluish green-yellow.
The majority of the analysed hornblende (sensu stricto) displays core-rim zonation with magnesio-homblende cores and actinolite rims; the zoning, obvious in back-scattered electron images, is concentric. Moreover, relict actinolitic hornblende has been identified in both central (#SER-61) and outer granodiorite (#SER-24). Compositional ranges of amphiboles from host granodiorite and mafic enclaves overlap completely (Stouraiti and Mitropoulos 1999) . The Mg# [molar Mg/(Mg + Fe 2+ )] of the Serifos pluton hornblendes ranges from 0.55 to 0.8 in the more mafic parts of the intrusion. The high ratios are comparable with Mg-rich hornblendes from gabbros and andesites (Deer et al. 1966) , whereas the lower ratios are more typical of hornblendes from granodiorites.
Biotite
Biotite shows sequential growth: (a) early biotite forms euhedral to subhedral, Al-poor and Mg-rich grains interstitial to plagioclase; (b) recrystallized, relatively Fe-rich red-brown biotite; and (c) late-stage, oxidized, aggregates. In general, biotite is relatively oxidized, with Fe +3 /Fe tot from 0.13 to 0.28, which is higher than the Nickel-Nickel Oxide (NNO) buffer but below the Hematite-Magnetite (HM) buffer of Wones and Eugster (1965) . An exception to this is reduced biotite from the foliated margin (SER-1) with very low Fe +3 /Fe tot between 0 and 0.08, relatively high Al, and low Mg. Biotite from graphite-bearing metapelitic gneisses in the Cycladic basement (Mykonos, Altherr et al. 1982) has similarly low Fe +3 /Fe tot (~ 0.08). The color of biotite is related to concentrations of FeO tot , MgO, and TiO 2 and to oxidation state. Based on microprobe analyses (Table S3) , greenish-brown to dark brown interstitial biotite is relatively enriched in Mg, whereas light to dark brown porphyroblastic biotite is significantly enriched in Fe tot . Dark brown, almost isotropic biotite from the foliated pluton margin are TiO 2 rich (up to 5.3 wt%, #SER-1 in Table S1 ).
Allanite-(Ce)
Obviously altered areas of allanite were avoided, as the main objective was to characterize the composition of the pristine allanite (Fig. S1 ). Analytical totals were generally between 97 and 98.6%, except for SER52Met-2 (94.6 wt%) ( Table 2) . The microprobe results demonstrate that Ce predominates over other REE and Y in the allanite grains analyzed, and therefore the formal mineral name is allanite-(Ce). The chemical compositions of all allanite grains analyzed in this study are similar, and lack significant compositional zoning ( 
Apatite
Apatite is widespread in all the petrological facies of the Serifos intrusive complex. Both the modal abundance and crystal size of apatite increase towards the more silicic part of the outer granodiorite (G1) (Fig. S1d) . Normally it forms fine euhedral needle-like or hexagonal crystal shapes, included in several mineral phases (biotite, plagioclase and hornblende) but most commonly in biotite. Its F and Cl content classify it as fluor-apatite, which is typical of igneous apatite (Nash 1984) . Analyses of apatite show significant La and Ce contents (Table 3) , their concentration seeming to increase in the more siliceous and peraluminous granitic samples (#SER66, Table 3 ). Most analysed apatite grains are compositionally homogeneous.
Fe-Ti oxides
Fe-Ti oxides are a ubiquitous constituent of the Serifos granitoids and dioritic enclaves. Magnetite is present in major proportions in the apical parts of the pluton, forming magnetite ore deposits in the country rocks close to the intrusive contact. Magnetite commonly occurs as (a) euhedral to subhedral discrete grains or aggregates associated with hornblende and titanite and (b) as inclusions in biotite (Fig. 4b) . The majority of the analysed Fe-Ti oxides correspond to compositionally homogeneous magnetite or Tibearing magnetite with exsolved ilmenite lamellae. They are classified as titanomagnetite, plotting close to the ülvospi-nel (Fe 2 TiO 4 )-magnetite (Fe 3 O 4 ) binary (Table 4) (Stouraiti 1995) .
Primary igneous compositions of Fe-Ti oxides are rarely preserved in plutonic rocks because of the extensive degree to which coexisting titanomagnetite and ilmenite react upon cooling by the reaction (Ashwal 1982): This results in oxidation of the ülvospinel component in titanomagnetite and corresponding reduction of the hematite component in ferrian ilmenite, forming ilmenite and magnetite, respectively, either as discrete grains or as thin lamellae in the host grains (Buddington and Lindsley 1964) . Both forms are found in the Serifos granitoids.
Whole-rock geochemistry
The Serifos pluton is a typical medium-to high-K, calc-alkaline, metaluminous and magnesian-type granitoid, according to the classification of Frost et al. (2001) (Fig. 6 ). The Hematite (ilmenite − ss) + ü lvospinel (spinel − ss) = Magnetite(spinel − ss) + Ilmenite (ilmenite − ss).
whole suite defines broadly linear geochemical trends for CaO (Fig. 7a) , MgO (Fig. 7d) and Fe 2 O 3 (t) (Fig. 7c) against SiO 2 over a broad range from 59 to 72 wt%, whereas Al 2 O 3 , TiO 2 and possibly Na 2 O show an inflection between the microgranular mafic enclaves (SiO 2 < 64 wt%) and the main pluton granodiorites (Fig. 7b, e, f) . Assuming that mafic enclaves faithfully record the mafic end-member composition, the observed inflection indicates a change in the fractionating mineral assemblage between the mafic enclave magma and the granodioritic magma. The most mafic enclaves, with 59 wt% SiO 2 , low TiO 2 (< 1 wt%), high Al 2 O 3 (16-18 wt%), and high K 2 O (2.2-3.1 wt%) are all similar to calc-alkaline andesite lavas (Wilson 1989) .
Within-pluton variation in Fe 2 O 3 (t), MgO and TiO 2 in the G1 and G2 rocks is narrow (2-4, 1-2.5 and 0.47-0.73 wt%, respectively). The Alumina Saturation Index (molecular A 2 O 3 /CaO + Na 2 O + K 2 O) varies from 0.86 to 1.03, which indicates that the pluton is "I-type" in character (Fig. 6) . Samples with higher ASI values (> 1.1) come only from the aplite veins that crosscut the southern margin of the pluton (Table 5 ). The sample with the lowest ASI is the most Fe-rich enclave . For the main granodiorite pluton, variation trends of Sr, Ba, Zr, Co, V, Sc andY show a decrease while Rb and Th show an increase with increasing SiO2 (Fig. 7g-n) .
For all major elements, the enclaves lie on an extension of the host rock trend. The Mg# of the enclaves is distinctly higher than the granodiorite host i.e., 65.7 vs. 58.4 (Table 5) . Unlike the granodiorite host the microgranular enclaves do not show clear trends for most trace elements with any differentiation index, i.e., SiO 2 or FeO* (Fig. 7g-n) . Th, Zr and Rb tend to be lower in the enclaves but Ba and Sr contents span the same range of values as for the host rock.
The spidergram patterns (primitive mantle normalized) of the quartz monzodiorite enclaves and the host granodiorite are notably similar despite the large range in silica content (59 to 72 wt%) and Mg# (65.7 to 37) (Fig. 8) . The main geochemical features of the Serifos intermediate composition intrusion, apparent on primitive mantle-normalized diagrams (Fig. 8) are deep negative Nb and Ta anomalies, less significant depletion in Ti and enrichment in light Rare Earth elements (LREE: La, Ce, Nd), Th, and Sr. All these characteristics are typical of arc magmas (Zellmer et al. 2000) . In some mafic enclaves, Sr is enriched compared to adjacent trace elements Ce and Nd (expressed in terms of Sr/Sr*, 1.1 to 1.4) whereas Sr and Eu are depleted in most granodiorite samples (Sr/Sr*<1), suggesting plagioclase accumulation and fractionation, respectively (Table 5) .
Oxygen isotopes
Quartz separates from fresh host rock were analyzed for 18 O/ 16 O (Table 6 ). Quartz and zircon are 'refractory' phases and therefore provide reliable proxies for their parental melts Bindeman 2008) . The range of δ 18 O (quartz) in G1 granodiorite is + 10.6 to + 11.9‰ and in G2 (central) from + 10 to + 10.6‰ (Table 6 ). The overall variation is greater than analytical uncertainty. Considering that Serifos granodiorite is a rapidly cooled intrusion, the difference between the δ 18 O of quartz and the magma is assumed to be + 1‰, as proposed by Taylor and Sheppard (1986) for quartz porphyries. After applying this correction, the estimated δ 18 Ο of the magma ranges from + 9.6 to + 10.9‰ for G1 and from + 9 to + 9.6‰ for G2. These values agree with previously analysed δ 18 Ο whole-rock values of the Serifos pluton (Altherr et al. 1988) . The values for G1 fall within the range established for supracrustal (or S-type) rocks (δ 18 O > 10) whereas the inner zone (G2) falls within the range of I-type rocks as established for the Lachlan Fold Belt granitoids (O'Neil et al. 1977 O values compared to the Serifos and Paros basement gneiss, i.e., + 10.2 to 14.5‰ (Putlitz et al. 2002) . The main feature to note is that there is significant overlap between δ 18 Ο values for G1 (outer zone) granodiorite magma and the Cycladic Basement gneiss (Serifos, Paros, Naxos) but no overlap of the latter with the G2 granodiorite. Grd.
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Rock group dyke outer (G1) outer (G1) outer (G1) outer (G1) outer (G1) Outer (G1) outer (G1) outer (G1) marginal Fig. 9a) . Notably, most of outer granodiorite (G1) tends to more radiogenic than the average for the pluton, having initial 87 Sr/ 86 Sr ratios > 0.7105. The Sm-Nd isotopic data of the host rock samples do not constrain an isochron due to the small variation in Sm/ Nd ratio. ε Nd (t) at 11 Ma has a small range of −8.6 to −5.8. There is a lack of correlation between 147 Sm/ 144 Nd and 143 Nd/ 144 Nd among the G1, G2 and mafic enclaves taken together. However, the enclave samples have higher-thanaverage Nd content and lower-than-average ε Nd (t) (Fig. 9b) . The ε Nd (t) in the Serifos quartzo-feldspathic gneiss (Cycladic Basement Unit) ranges from − 8.4 to −9.9. In Fig. 9b the ε Nd (t) values of the Serifos granitoids appear to be negatively correlated with Nd content. The slope of the trend indicates some Nd fractionation during magma differentiation. Refractory trace minerals, such as allanite (which is a minor phase of Serifos granitoids) and monazite (both of which sequester the LREE) do not contribute to crustal melting reactions and thus may retain the largest part of the REE (and HFSE) budget within the source rock (Bea 1996a, b; Ayres and Harris 1997; Villaseca et al. 2007; Villaros et al. 2009 ).
Based on their Sr and Nd isotopic ratios, the enclaves overlap with the G1 host granodiorite (Fig. 10) . In the G1 granodiorite ε Nd (t) values range from − 5.8 to − 8.4 and in the inner G2 from − 5.9 to −7.5. The G2 granodiorite samples have ε Nd (t) values significantly higher, by two to four epsilon units, than the biotite-quartzo-felspathic gneiss (CBU) samples from Serifos or Paros.
Discussion
Compositional zonation of the Serifos pluton
The Serifos intrusion is a reversely zoned pluton, both petrographically and geochemically, comprising progressively more felsic rocks towards the margins, from quartz monzodiorite and granodiorite in the central part to granite and aplite/pegmatite at the margin. Normal zoning of plutons is characterized by more basic margins grading inwards to a more felsic core, presumably the result of progressive crystallization from the margins inwards as described for the zoned Cordilleran-type batholiths. Reverse zoning is less common in granitic plutons and often restricted to smaller granitic intrusions (Janoušek et al. 1997; Hecht and Vigneresse 1999) . That unusual zonation pattern has been variously attributed to the reordering of an underlying (deeper), vertically stratified, magma chamber either by intrusion through an orifice or by emplacement of composite diapirs (Mezger et al. 1985) . The green lines show the most mafic sample in each locality: mafic Serifos enclave #SER-30 and Delos monzogabbro (dike 37). Basaltic andesites and andesites from the early calc-alkaline volcanic activity of Santorini, Aegean Volcanic Arc are shown by the shaded field (Akrotiri: apa, Peristeria: ava-3 from Zellmer 1998 and Megalo Vouno (SA-5, SA-6) from Mitropoulos et al. 1987 ). The spider diagrams were produced using GCDkit plotting software by V. Janoušek et al. (2006) (Allen 1992; Janoušek et al. 1997) . Dacitic dikes crosscut the southern (G1) and the centralnorthern part of the pluton (G2) and are syn-extensional . In fact, the more mafic part of the G2 pluton has a porphyritic texture and a quartz-monzodioritic composition (#SER-61 Table 5 and unpublished data from Stouraiti 1995) similar in composition to the disaggregated mafic dikes and enclaves in the southern part (outer zone) of the pluton. The radial development of dacitic dikes can be reconciled if the less evolved central magmatic phase (G2), apparently the source of these dikes, intruded later than the peripheral G1 material.
The origin of reverse compositional zoning in the Serifos case can be understood by projection onto a north-south section cutting all major facies of the Serifos granitoids. Sr-Nd-O isotopic data, projected on this profile, show significant geochemical trends (Fig. 11) . The gradient towards more felsic and lower-FeO* towards the southern edge of the pluton, where the contact with country rock is exposed, correlates with increasing initial 87 Sr/ 86 Sr ratios, decreasing ε Nd (t), and increasing δ 18 O values (Fig. 11a-c) and Rb. Sr/ 86 Sr vs. 1/Sr and b wholerock ε Nd (t) vs. 1/Nd contents of the Serifos suite. Eastern Aegean ultrapotassic volcanics from Bodrum and Samos are from Robert et al. (1992) . Samos high-K I-type complex from Altherr and Siebel (2002) . Data for basement rocks from Paros and Naxos and SER93-20 from Stouraiti et al. (2010) . Initial ratios for basement rocks have been recalculated for 11 Ma (formation age of Serifos intrusion, Iglseder et al. 2009) Reverse zoning in the peraluminous Hercynian granitoids (Bohemian Massif), such as the Fichtelgebirge in Germany, has been attributed to discontinuous magma injection due to small volumes of magma supplied with breaks between magma pulses (Hecht and Vigneresse 1999) . In the present case, though, the general zonation of the pluton is apparently the result of a complex set of magmatic processes involving wall rock assimilation, differential dissolution rates of minerals, fractional crystallization, and interactions between magma batches. The distribution of enclaves throughout the intrusion with increasing occurrence towards the outer granitic facies could be consistent with a magma-mixing hypothesis, especially for the southern part (G1) of the intrusion.
The structural geometry of the contact zones of the intrusion and microstructural features such as the style of lineation, documented by Rabillard et al. (2015) , are consistent with the northern G2 area being the apex of a magma chamber that experienced the fastest cooling and least assimilation, whereas the southern G1 facies occupied deeper levels, cooled over a longer time span, and acquired a more coarsegrained texture. In this scenario, the deeper G1 part of the pluton was sequentially intruded by quartz-dioritic dikes which are now seen as disaggregated dikes and swarms of enclaves along the southern contact (e.g., the Ramos and Vaghia shear zones). The extended high-temperature history of G1 facilitated heat transfer to the country rocks, and assimilation of partial melts thereof, and a shift towards elevated initial 87 Sr/ 86 Sr, unradiogenic Nd, and elevated O isotope ratios. This cycle was followed by intrusion of the G2 porphyritic granodiorite to upper levels, where it cooled quickly and was protected from extensive assimilation in the center of the pluton. However, the miarolitic region and epithermal deposits along the southwestern margin indicate that the late magma reached H 2 O saturation (Bennett 1980) , implying emplacement within a few kilometers of the surface. Hence, a simple south-downwards tilting of the outcrop to yield the current exposure surface is not an adequate model to explain all the observations. Janoušek et al. (1997) argued that reversely zoned plutons may develop provided their emplacement is boosted by the pressure of volatile phases (Janoušek et al. 1997; Vigneresse 2015) .
Generally, isotopic ratios do not correlate with incompatible trace element concentrations in the Serifos pluton. Finding evidence for the assimilation in the trace elements concentrations is complicated by overlapping effects of mixing Sr vs. ε Nd (t) for Serifos and Cyclades granitoids and contemporaneous eastern Aegean ultrapotassic volcanics (Robert et al. 1992) . Basement rocks are also plotted (initial ratios were calculated at 11 Ma). Initial Sr and Nd isotope data for other Iand S-type granites from Cyclades are from Stouraiti et al. (2010) and Altherr and Siebel (2002) and fractionation. However, this observation is common in arc granitoids and has been attributed to the very short time intervals between magmatic pulses, which do not allow isotopic systems to evolve in response to magmatically driven changes in parent-daughter ratios. The presence of inherited zircons in almost all the I-type Cycladic granitoids, does corroborates the hypothesis of assimilation of various crustal lithologies with prominent Hercynian and Cretaceous ages (Bolhar et al. 2010) . Inherited cores in magmatic zircons from the Serifos granodiorites has also been documented by Iglseder et al. (2009) .
Magmatic differentiation and potential sources
In general, the source of the primitive end-member of a granitoid suite can be either the mafic lower crust, which can melt and produce magmas of granitic composition, or a mantle-derived primary liquid that undergoes extensive differentiation leading to a dioritic or granodioritic composition (Moyen et al. 2017) . To attempt to answer this question in the Serifos case, we examine the issue from a series of different perspectives: (1) major and trace element systematics, (2) mineralogical and textural evidence, (3) oxygen isotopes, and (4) thermodynamic modelling.
Major and trace element systematics
The straight-line trends shown in most of the Harker diagrams (CaO, Al 2 O 3 , Fe 2 O 3 (t), MgO, TiO 2 vs. SiO 2 ) are considered to be hallmarks of the calc-alkaline differentiation sequence common in arc rocks (andesites-dacites) ( Fig. 7a-e) . However, compositional variations among felsic melts give little information on the origin of (usually unsampled) mafic parental melts which, in similar settings, have been attributed variously to partial melting of basaltic or amphibolitic crust (e.g., Beard and Lofgren 1991), differentiation of mantle-derived basaltic magma, and hybrids of these such as basalt fractionation accompanied by assimilation of or mixing with crustal melts (Jagoutz et al. 2010 ).
Because of the scarcity of complete geochemical and isotopic data for volcanic rocks from the western flank of the Aegean Volcanic Arc (Aegina, Milos) it is difficult to make along-arc comparisons. Therefore, we use the well-characterized earlier volcanics from Santorini, in the center of Aegean arc, as a reference for a mantle-derived end-member magma with calc-alkaline affinities (Figs. 8, 12 ). Volcanic rocks from Santorini and Aegina display a substantial range in initial Sr isotope ratios (0.7035-0.705 and 0.704-0.7065 for Santorini and Aegina respectively; Zellmer et al. 2000, Pe-Piper and . The correlation between Sr isotope ratios and differentiation index in both these suites has been attributed to crustal contribution during an AFC process.
There are striking similarities between the Serifos maficintermediate enclaves and contemporaneous mafic intrusive rocks from the other Cycladic intrusions such as the Delos gabbroic/dioritic dikes and with andesitic volcanics rocks from the active Aegean Volcanic Arc (data from . Delos diorite dike #25 and Serifos enclave #SER-30 have similar trace element patterns, with comparable anomalies in all important elements, and both patterns are quite similar to those of basaltic andesites and andesites from the early activity of Santorini, an active South Aegean Arc volcano (data from Mitropoulos et al. 1987; Zellmer Sr; the range in initial Sr isotope ratios of Serifos basement gneisses at far right is based on literature data (Iglseder et al. 2009 ). b ε Nd (t), calculated at 11 Ma. c δ
18
O on quartz crystals for the main quartz-bearing magmatic rocks 1998). The generally elevated content of incompatible elements and high LILE/HFSE ratios in mafic magmas from long-lived arcs such as the Aegean have been attributed to enrichment of mantle wedge beneath the arc by fluids and melts released from the subducting slab (Mitropoulos et al. 1987; Zellmer et al. 2000; Kovalenko et al. 2010) . When the lower crust itself, however, had a subduction origin, this signature is ambiguous. It does not address whether the subduction signature is derived from modern or ancient subduction or its residence time in the crust.
REE patterns of Serifos dacitic dikes and Delos diorite dike #25 are also similar but are slightly different from Santorini andesites (Fig. 12a, b) (Delos: Serifos:; Seymour et al. 2009; Santorini:; Mitropoulos et al. 1987; Zellmer 1998) . Serifos dacites and Delos dioritic dikes have a steeper REE pattern (La/Lu N =7-10) due to slightly lower HREE levels relative to Santorini andesites (La/Lu N =2.5-6.5). Samos high-K dioritic dikes display distinctly higher LREE abundances and an even steeper pattern (La/Lu N =12-18), compared to the central Cycladic mafic dikes (Fig. 12c) . The high-K, LREEenriched Samos diorites feature high Sm/Yb (1-4), high Sr, and lack of negative Eu-anomalies (Pe-Piper and Piper 2007). The specific trace element ratios and bulk composition of Samos diorites are consistent with partial melting of enriched hydrous mantle peridotite within the stability field of phlogopite, amphibole and garnet (Pe-Piper and Piper 2007) .
The Serifos pluton displays relatively high Nb/Ta (12-17.5; Altherr and Siebel 2002) compared to estimates of continental crust (~ 11-12; Green 1995; Rudnick and Gao 2004) . All the other metaluminous Cycladic granitoids show even higher Nb/Ta ratios (13) (14) (15) (16) (17) (18) (19) (20) . Nb/Ta greater than continental crust values is often considered to be a mantle source characteristic, since magmatic differentiation of granitic melts is expected to cause a decrease in Nb/Ta ratio (Ballouard et al. 2016) .
The Serifos samples also have high Zr/Sm (24-49) and a continuous twofold increase in Zr/Sm coupled to a decrease in TiO 2 content with increasing SiO 2 concentration. Together, these signatures in an arc granitoids imply simultaneous fractionation of low-Si, high-Ti phases such as Fe-Ti oxide, amphibole (Thirlwall et al. 1994; Jagoutz et al. 2009 ), or even more Ti-rich phases such as rutile or titanite. These phases selectively retain the HFSEs during melting or dehydration and can fractionate both Zr/Sm and Nb/Ta (e.g., Klemme et al. 2002 Klemme et al. , 2005 .
The major element compositions of the Serifos mafic enclaves, compared with experimentally produced silicic melt compositions, impose some important constraints on the mafic end-member component. MgO abundances of the quartz monzodiorites (3.0-4.9%) and the central granodiorite (1.3-2.5%) are comparable with compositions from and c SamosKallithea microdiorite dikes (Mezger et al.1985; Pe-Piper and Piper 2007) . Cycladic mafic-intermediate dikes are compared with basaltic andesites and andesites from the early volcanic activity of Santorini (Akrotiri: apa, Peristeria: ava-3 from Zellmer 1998 and Megalo Vouno (SA-5, SA-6) from Mitropoulos et al. 1987) . Serifos dacitic dikes, Delos diorite (#25) and Santorini calc-alkaline volcanics are similar, but Samos microdiorites display distinct differences: higher LREE abundances, higher LREE/HREE ratios, absence of negative Euanomaly, suggesting that eastern Cyclades mafic dikes originated from a different composition mantle source. The normalised REE patterns were produced using GCDkit plotting software by V. Janoušek et al. (2006) fluid-absent (dehydration) melting of amphibolites (from low-K tholeiitic protoliths) at lower crustal pressures (0.7-1 GPa) and a range in the degrees of partial melting from 13 to 38% (Rushmer 1991; Beard and Lofgren 1991; Wolf and Wyllie 1994) . However, some enclaves could still be derived from such melting processes if they do not represent simply crystallized melts but included a mixture of melt and some amount of solid hornblende. Indeed, some mafic enclaves and dikes show cumulate textures. Moreover, , Yb, and Lu in the mafic enclaves are too high to represent melts derived from sources with residual garnet, as expected for amphibolites or eclogites under lower crustal conditions Atherton and Petford 1993; Muir et al. 1995) . The Serifos quartz monzodiorite enclaves, the Delos diorite dike, and the Santorini andesites all show high Y (> 20 ppm), low Sr/Y ratio (< 20), and high Sr content (no negative anomaly), typical of the "normal" andesite-dacite-rhyolite series as defined by Defant and Drummond (1990) and Drummond et al. (1996) . The high Sr abundance and the absence of negative Sr anomalies support the hypothesis that melting left a residue with little or no plagioclase. This is more consistent with a mantle wedge origin, as nearly all mafic crustal residues will contain either plagioclase or garnet, depending on pressure and extent of melting.
Mineralogical and textural evidence
The compositional zoning and textural characteristics of plagioclase and hornblende from the different facies of the pluton provide further evidence for the magmatic processes that formed the Serifos pluton.
There is a wide range in plagioclase phenocryst composition within single samples, especially in the more mafic part of the pluton: mafic enclave #SER-28 has plagioclase An 22 − 74 and central granodiorite sample #SER-61 has An 26 − 81 (Table S1 in Supplementary Material). Such a wide range of plagioclase phenocryst compositions is a common characteristic of andesitic-dacitic rocks from continental arcs, e.g., the Mexican volcanic arc (Crabtree and Lange 2011) , and of calc-alkaline granodiorites (Pietranik et al. 2006) . Two hypotheses have been proposed to explain this range: (i) incorporation of plagioclase xenocrysts from country rock or magma mingling and (ii) progressive change in the dissolved water concentration during degassing as the magma ascends to the surface.
Plagioclase crystals from the mafic enclaves (Fig. 4d, e) , the G2 granodiorite and the dacitic dikes (Fig. 4f, h ) all have complex and variable textures within samples, including both euhedral and rounded rims and zoning ranging from discontinuous, convoluted, or patchy to nearly unzoned. As with the compositional range cited above, such complex textures in volcanic plagioclase phenocrysts have been attributed to various mechanisms, including: (i) resorption or dissolution of plagioclase xenocrysts that were incorporated during magma mingling and/or assimilation, (ii) resorption of phenocrysts as a result of decompression under fluid under-saturated conditions and/or increase in melt temperature and (iii) diffusion-limited crystal growth induced by large undercooling (Crabtree and Lange 2011) . In the mafic enclaves, plagioclase lacks dissolution or recrystallization textures, indicating a normal crystallization sequence from calcic to sodic plagioclase and precluding a xenocryst origin of plagioclase relative to the mafic enclave liquid.
Plagioclase phenocrysts from the outer granodiorite (G1) record reverse zoning with albite-rich cores and more calcic mantles, followed by normally zoned rims. This pattern of zoning is thought to have formed in the granodioritic host magma, with the mantle reflecting interaction with a "mafic enclave magma" and the rim probably reflecting continuing crystal growth after the end of enclave assimilation. A number of studies attribute similar zoning patterns in plagioclase from granitoids to compositional changes of the host granitic magma driven by mingling and chemical equilibration with mafic enclaves (Elburg 1996; Pitcher 1997; Vernon 1984) . These events are preserved because of the exceedingly slow kinetics of anorthite-albite exchange in plagioclase.
Hornblende-rich polycrystalline clots in the more mafic part of the pluton (Fig. 4c) have been interpreted as the result of replacement of early-formed clinopyroxene phenocrysts by hornblende + biotite, possibly because of re-equilibration following magma mixing (Castro and Stephens 1992) .
Field evidence, mineral compositions and whole-rock chemical characteristics of the mafic enclaves and their host granodiorites require some amount of magma mingling of a quartz-dioritic magma with a granodiorite host at various scales. In many places, enclave margins are irregular or the enclaves are stretched into schlieren, which indicates that the quartz-dioritic magma was injected into the granodiorite while the latter was still molten.
Isotopes
Oxygen isotopes can provide important constraints on magma genesis provided that the effects of post-crystallization exchange between minerals and fluids can be eliminated (e.g., Gregory and Criss 1986) . Given that this study focused only on fresh samples, the δ 18 O values are considered to indicate primary magmatic values (Altherr et al. 1988) . Estimated δ 18 O values for Serifos magma show significant overall variation, from + 9 to + 10.9‰ (analytical precision is ± 0.2‰). Whole-rock δ 18 O in calc-alkaline systems that undergo closed-system differentiation increases by 0.5‰ for every 10% increase in SiO 2 (Taylor and Sheppard 1986) . The observed increase in δ 18 O in the main pluton is > 1‰, and this correlates with a corresponding silica range of 13%. A similar increase in the Sierra Nevada batholiths (Tuolumne suite: Lackey et al. 2008) has been attributed to open system processes where assimilation of high-δ 18 O minerals such as quartz (and feldspar) from a crustal source accompanied fractionation (AFC process). In the Serifos pluton, δ 18 O correlates more closely with position in the pluton than with SiO 2 , favouring a greater role for assimilation than for closed-system mineral-liquid fractionation in setting the O isotope variations.
The most notable feature is the significant overlap between δ 18 Ο values of G1 (outer zone) granodiorite magma and the Cycladic Basement gneiss (Serifos, Paros, Naxos) but no overlap of the latter with the G2 granodiorite or the mafic enclaves. The wide range of δ 18 O (+ 2 to + 14‰) and ε Hf values (+ 5 to -25) in zircons from the other Cycladic granitoids underlines the very significant mass fraction contributions of either sedimentary or weathered volcanic supra-crustal rocks to any juvenile melt (Bolhar et al. 2012 ).
Attempting to construct a unique thermodynamic petrogenetic model
Given the clear correlations and high degree of order among major element, trace elements, and radiogenic isotope data for the Serifos suite, it is tempting to search for a welldefined unique and complete petrogenetic model to explain the observations. It is clear a priori from the isotope data that this model must incorporate mixing between at least two components. It is also likely that a component of fractional crystallization was involved in deriving the felsic members of the suite. Ideally, such a model would define major element, trace element and isotopic compositions for both endmembers, a unique petrogenetic origin for each end-member as an identifiable source rock or partial melt thereof under well-defined conditions, and a mass and energy balance relating the rates of cooling and mixing. However, the data reveal that this is not possible, due in part to limitations of current models but also, importantly to loss of information due to: (a) cotectic control on crystallization paths, (b) accessory phase control on trace element behavior, and (c) the fundamental ambiguity of interpreting plutonic rocks as liquid compositions. We have nevertheless examined a large family of fractional crystallization (FC) and assimilationfractional crystallization (AFC) scenarios using the MELTS (Ghiorso and Sack,1995) and rhyoliteMELTS (Gualda et al. 2012) calibrations (which differ only in the saturation surface of quartz and alkali feldspar in high-SiO 2 liquids) and the alphaMELTS trace element engine (Smith and Asimow 2005) , to generate a reference frame for what is possible in the context of FC and AFC processes (Table S4) .
The difficulty is made most clear by comparing the trends of the data suite in SiO 2 variation diagrams to simple FC models (Fig. 13) . If such models account only for major fractionating phases (feldspars, amphiboles, biotite, oxides and quartz), then elements incompatible in those phases must increase in residual liquid with increasing degree of fractionation and hence with increasing SiO 2 . However, nearly all the incompatible elements decrease with increasing SiO 2 in the Serifos data ( Fig. 14; this is not a closure  effect) . Only the most incompatible elements (Rb, Th, and La) are positively correlated with SiO 2 , and even these elements increase much less steeply than predictions of FC models. Yet these models do not include the assimilation or mixing needed to explain the isotopic enrichment. If the assimilant is a partial melt of a crustal component, then it is likely to be even more enriched in incompatible trace elements than the mafic starting liquid. Hence, assimilation will make the mismatch between the observed negative correlation of trace elements with SiO 2 and the model evolution even worse. There are two classes of models that might be able to explain the trace element data: simple two-component mixing models that do not account for phase equilibria, or decoupling of major and trace element fractionation trends resulting from saturation with trace element-rich accessory phases. Neither of these possibilities allows the definition of a unique petrogenetic model.
Simple two-component mixing models can be designed to fit the data, but the results provide little insight into the petrogenesis. The mafic, isotopically depleted and relatively trace element-enriched end-member is a reasonable primitive mantle-derived melt. However, the opposite end-member needs to be extremely high in SiO 2 and isotopically enriched, yet highly depleted in all incompatible trace elements. This is an unlikely material to find in the crust. Instead, we can gain some insight by looking at trace phase saturation models. The Montel (1993) model predicts monazite saturation along the Serifos FC or AFC model trends above ~ 70.5% SiO 2 , whereas the Pichavant et al. (1992) model does not predict apatite saturation until 72.8% SiO 2 . Yet P 2 O 5 decreases with increasing SiO 2 through the entire suite (Fig. 13 ), beginning at < 60% SiO 2 . Neither monazite (which is not observed in thin section) nor apatite (which is abundant) can explain this trend, if the saturation models are correct. Another phosphate or P-rich phase might be invoked, such as xenotime, but quantitative saturation models for these are lacking. We also observe decreasing Y and flat to decreasing LREE in the data (Fig. 14) . The Y trend could also be consistent with xenotime, whereas the LREE data are likely to be controlled by allanite-(Ce), which is found as a trace constituent in many of the thin sections. Again, a quantitative allanite-(Ce) saturation model that can be coupled to the thermodynamic fractionation model is not available.
A similar argument suggests that TiO 2 and high field strength elements are being controlled by fractionation of a Ti-rich phase that is not well-described by the MELTS models. The Gaetani et al. (2008) model predicts rutile saturation along the Serifos FC or AFC liquid lines of descent at 71.8% SiO 2 , which is close to the sharp break in slope of the data in TiO 2 and Nb vs. SiO 2 between the G1 and G2 data populations, and occurs well before ilmenite Fig. 13 SiO 2 variation diagrams for major oxides (in wt%) and Mg# from Serifos plutons compared to a family of petrogenetic models constructed with the MELTS and rhyoliteMELTS thermodynamic models. All the models shown are calculated at 0.5 GPa (5 kbar) pressure. The other parameters of the models shown are: FC_Melts_5 kb, MELTS Fractional crystallization (FC) starting from SER-30; FC_rMELTS_5 kb, rhyolite-MELTS FC starting from SER-30; Dyke_FC_MELTS_5 kb, MELTS FC starting from SER-12; Dyke_FC_rMELTS_5 kb, rhyoliteMELTS FC starting from SER-12; MELTS_ isenthalp_assim, MELTS with isenthalpic assimilation of lower crust-derived melt into SER-30; and rMELTS isenthalp assim, rhyoliteMELTS with isenthalpic assimilation of lower crust-derived melt into SER-30 (Table S4 in Supplementary Material). The failure of any of the models to match the TiO 2 and P 2 O 5 trends indicate the key role of accessory phases in regulating these elements. Difficulties in matching the MgO, Na 2 O, and K 2 O trends, on the other hand, probably indicate that the sampled rocks are not liquid compositions but rather represent mixtures between evolving liquids and fractionating solids saturation in rhyoliteMELTS models of the liquid line of descent. However, rutile is only found in the rocks as a late product of biotite alteration; this does not rule out a role for its fractionation (after all, if it is removed from the system to sequester Ti, then that rutile which is removed must not still be found in the observed rocks). Ti-magnetite is accounted for in the MELTS models and cannot explain the constant Ti in the enclaves and G2 samples, if the G2 samples represent liquids obtained by fractionating liquids similar to the enclaves.
The control of trace elements by accessory phase fractionation is quite evident. The impact of this control on erasing constraints on the trace element composition of any assimilant is related to the non-Henry's law behavior of REE, Y, Th and U during melt-solid partitioning (e.g., Bea 1996b; Hoskin et al. 2000) in the presence of accessory phases where these elements are essential structural constituents. In particular, among the major phases of granitoids, biotite has the highest tendency to contain accessory phase inclusions that dominate the geochemical and isotopic behavior of REE, Th, U and Y (Bea 1996b) . Indeed, the interstitial biotite of the Serifos granodiorite commonly contains inclusions of apatite, zircon and Fe-Ti oxides.
In fact, there is a similar issue with the major elements. A lengthy model search might be able to locate a feldspar-biotite-amphibole cotectic leading up to quartz saturation that resembles the data variation plots. Some such assimilation models are shown in Fig. 14 ; they can improve the fit to the major elements, but they do not help to explain the trace elements. Moreover, the results are mostly sensitive to the pressure, f O2 and a H2O conditions (or series of conditions) chosen, rather than to the composition or mass assimilation rate of the assimilant. The result of a detailed fitting exercise would remain non-unique, sensitive to the uncertainties in the phase equilibrium model, and highly dependent on the uncertain interpretation that all the whole rocks represent Fig. 14 SiO 2 variation diagrams for trace elements (in ppm) from Serifos plutons compared to fractional crystallization and assimilation-fractional crystallization models. Trace elements are passively tracked using the alphaMELTS trace element engine, which does not include accessory phases. For clarity, only the MELTS isenthalp assim (cyan) and Dyke_FC_MELTS_5 kb (green) models from Fig. 13 are shown. Data symbols as in Fig. 13 . The failure of the models to resemble to data demonstrates the critical role of accessory phases in controlling the trace element evolution liquid compositions. We feel this would lend little insight. We therefore prefer to report the major-and trace element data alongside conventional mass-balance mixing models that fit the isotopic variations and to acknowledge that both the identification of the end-members and the physical processes accompanying their hybridization are unconstrained, rather than attempt an ill-defined over-fitting exercise in pursuit of a just-so petrogenetic story.
Conclusions
According to field relations, petrographic characteristics and chemical variations, the Miocene Serifos granitoid is a reversely zoned intrusion consisting of: (a) a core granodiorite (G2) with typical I-type characteristics, (b) a marginal granodiorite and granite (G1) with isotopic compositions-higher δ 18 Ο qtz and initial 87 Sr/ 86 Sr and lower ε Nd (t) values-that are identical to the local basement lithologies (biotite-gneiss), and (c) mafic enclaves with various textures and degrees of reaction with the host granodiorites.
Textural observations of the mafic enclaves indicate a component of mingling between mafic and felsic magmas. Similarity in the trace element patterns and in Sr-Nd-O systematics between enclave magma and host granitoid magma can be reconciled if the enclaves are derived from the same source as the granitoids, by higher degrees of partial melting.
Mantle-normalized multi-element trace element patterns emphasize that the more mafic parts of the pluton (enclaves, dikes) have a geochemical signature of subduction-related andesitic magmas, similar to basaltic andesites from the recent Aegean Volcanic Arc.
Although simple two-component mixing models can be designed to fit the data, the results provide little insight into the petrogenesis. The upper crustal end-member in a simple mixing model would need to be extremely high-SiO 2 and isotopically enriched, yet highly depleted in all incompatible trace elements. It is unlikely that such material is part of the crust. More reliable models can be produced when accessory phase saturation models are considered. Ideally these would be fully coupled with energetically constrained major-element thermodynamic models, but such models are Fig. 14 (continued) not presently available. Nevertheless, partly coupled majorelement models with assimilation are partly successful at matching the data if they include: (1) monazite or xenotime saturation to remove P 2 O 5 before apatite saturation, (2) allanite-(Ce) saturation in the G1 suite to remove LREE, and (3) possibly rutile saturation to form a break in the SiO 2 -TiO 2 plot that cannot be explained by Ti-magnetite.
The composition of the upper crustal assimilant and the relative rates of assimilation and crystallization are poorly constrained by the available evidence and this highlights the difficulties of constraining models of granitoid petrogenesis.
